Adipose triglyceride lipase (ATGL) initiates intracellular triglyceride (TG) catabolism. In humans, ATGL deficiency causes neutral lipid storage disease with myopathy (NLSDM) characterized by a systemic TG accumulation. Mice with a genetic deletion of ATGL (AKO) also accumulate TG in many tissues. However, neither NLSDM patients nor AKO mice are exceedingly obese. This phenotype is unexpected considering the importance of the enzyme for TG catabolism in white adipose tissue (WAT). In this study, we identified the counteracting mechanisms that prevent excessive obesity in the absence of ATGL. We used "healthy" AKO mice expressing ATGL exclusively in cardiomyocytes (AKO/cTg) to circumvent the cardiomyopathy and premature lethality observed in AKO mice. AKO/cTg mice were protected from high-fat diet (HFD)-induced obesity despite complete ATGL deficiency in WAT and normal adipocyte differentiation. AKO/cTg mice were highly insulin sensitive under hyperinsulinemic-euglycemic clamp conditions, eliminating insulin insensitivity as a possible protective mechanism. Instead, reduced food intake and altered signaling by peroxisome proliferator-activated receptor-gamma (PPAR-γ) and sterol regulatory element binding protein-1c in WAT accounted for the phenotype. These adaptations led to reduced lipid synthesis and storage in WAT of HFD-fed AKO/cTg mice. Treatment with the PPAR-γ agonist rosiglitazone reversed the phenotype. These results argue for the existence of an adaptive interdependence between lipolysis and lipid synthesis. Pharmacological inhibition of ATGL may prove useful to prevent HFDinduced obesity and insulin resistance.
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ATGL | PPAR-gamma | lipolysis | lipogenesis | obesity E ssentially all organisms face the problem of continuous energy demand in an environment of irregular food supply. To overcome this dilemma, metazoan organisms developed special storage depots for substrates that are used for energy production. In vertebrates, by far the most efficient energy reservoir is adipose tissue (1) . This highly expandable organ is able to store all major nutritional components (fat, carbohydrates, and proteins) as triglycerides (TGs). Adipose tissue mass and TG content depend on the balance of anabolic and catabolic pathways. Lipid storage in response to nutrient supply involves the generation of adipocytes (adipogenesis), the induction of fatty acid (FA) synthesis from glucose and amino acids (de novo lipogenesis), and the synthesis of TGs (lipid synthesis). These processes are activated by a complex transcriptional network involving CCAAT/ enhancer-binding proteins (C/EBPs), sterol regulatory enhancer binding proteins (SREBPs), and the heterodimer of peroxisome proliferator-activated receptor-gamma (PPAR-γ) and retinoid-X receptor (RXR) (2, 3) .
The opposing metabolic pathway of TG catabolism (lipolysis) requires activation of enzymes called lipases. Adipose TG lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (MGL) hydrolyze all three ester bonds of TGs in a stepwise manner to yield FAs and glycerol (4) . Lipolysis is an exquisitely regulated process. Food deprivation initiates lipolysis through the hormonal activation of adipocytes by catecholamines or natriuretic peptides, activation of protein kinases A or G, downstream phosphorylation of multiple proteins of the lipolytic pathway, and release of coactivator proteins such as comparative gene identification-58 (CGI-58) (4, 5) . These events, in turn, strongly activate ATGL and HSL resulting in efficient TG hydrolysis.
Because lipid synthesis and lipid catabolism are opposing metabolic pathways using quite different modes of regulation, they were historically seen as uncoupled processes. However, accumulating evidence suggested that a link exists between anabolic and catabolic lipid pathways (6) (7) (8) (9) (10) . For example, the transcription of genes involved in both processes is activated by the adipogenic nuclear receptor PPAR-γ (4, 11). Furthermore, both humans and mice lacking ATGL are not, or only moderately, obese. Patients with mutations in the gene coding for ATGL [patatin-like phospholipase containing protein 2 (PNPLA2)] suffer from cardiomyopathy and muscle weakness but have normal fat mass (12) . Similarly, mice lacking ATGL because of a targeted deletion of Pnpla2 (AKO) also exhibit a severe cardiac defect leading to
Significance
The mass of white adipose tissue (WAT) in an organism is tightly controlled by the balance of triglyceride (TG) synthesis and catabolism. Here, we show that these opposing pathways communicate. TG catabolism by adipose triglyceride lipase (ATGL) activates peroxisome proliferator-activated receptor gamma (PPAR-γ), a crucial transcription factor for TG synthesis and storage in WAT. Consequently, ATGL deficiency in WAT not only impairs TG breakdown, but also PPAR-γ-driven TG formation. This decrease in TG synthesis leads to a paradoxical resistance to high fat diet-induced obesity in mice lacking ATGL. Interdependence of lipid catabolism and synthesis provides a rational explanation for the lack of obesity in ATGL-deficient mice and humans and identifies ATGL inhibition as potential treatment target to prevent diet-induced obesity and insulin resistance.
premature death but are only moderately obese (13) (14) (15) . This benign adipose tissue phenotype is unexpected considering the pivotal role of ATGL in TG catabolism and led us to hypothesize that ATGL-mediated TG hydrolysis regulates lipogenesis and lipid synthesis by currently unknown mechanisms.
In this study, we show that the absence of ATGL in mice fed a high-fat diet (HFD) leads to reduced food intake, decreased lipid synthesis, and resistance to obesity. At the same time, the animals remain highly insulin sensitive. These results highlight a previously unrecognized interdependence between functional lipolysis and effective lipid biogenesis and suggest that inhibition of ATGL in adipose tissue may ameliorate HFD-induced obesity as well as insulin resistance (IR) and type-2 diabetes.
Results AKO/cTg Mice Are Protected from HFD-Induced Obesity. To assess whether lipolysis affects HFD-induced obesity, we initially fed 4-to 6-wk-old AKO mice a HFD for 8 wk. AKO mice on HFD died earlier than chow-fed AKO mice. On HFD, 50% of AKO mice died at the age of 11-13 wk versus 16-17 wk on chow ( Fig. S1A; ref. 13). We also observed after 6 wk of HFD and prior to death that AKO mice gained less body weight (−9%) and gonadal white adipose tissue (gWAT) mass (−43%; Fig. S1 B and C) than WT mice on HFD. Nonetheless, the severe morbidity and early mortality observed in these animals placed the physiological relevance of these results in question and precluded meaningful metabolic studies including hyperinsulinemic-euglycemic clamp experiments.
To circumvent the experimental limitations due to early cardiac death, we generated and characterized mice overexpressing ATGL exclusively in cardiac muscle but lacking the enzyme in all other tissues (AKO/cTg). Heart-restricted ATGL expression prevents cardiac steatosis, mitochondriopathy, dilated cardiomyopathy, and premature death resulting in normal life expectancy (16, 17) . Compared with WT/cTg control mice, chow-fed AKO/cTg mice had increased fat depots when examined by time-domain NMR (Fig. 1A) . Mass of gWAT, inguinal WAT (iWAT), intrascapular brown adipose tissue (iBAT), and total body fat mass were 2.1-, 3.4-, 8.2-, and 2.4-fold higher in AKO/cTg than in WT mice overexpressing ATGL in the heart (WT/cTg), respectively. Lean mass was unchanged. The increased fat mass in AKO/cTg mice led to a moderately higher body weight compared with WT/cTg. These findings are concordant with our earlier conclusion that defective lipolysis leads to increased adiposity in chow-fed mice (13, 14) .
The rescued heart phenotype in AKO/cTg mice enabled us to feed animals a HFD and perform extensive metabolic studies. Plasma glucose and lipid parameters of AKO/cTg mice were similar to WT/cTg mice fed a HFD (Table S1 ). As expected from ATGL deficiency, the most pronounced differences were observed in mice fasted for 4 h. Under this condition, HFD-fed AKO/cTg mice had 23%, 52%, 72%, and 51% lower circulating glucose, FA, TG, and glycerol levels, respectively, than WT/cTg mice. Moreover, plasma insulin levels were reduced by 90% in AKO/cTg mice.
Extrapolating the results obtained from our studies on chow diet, we hypothesized that AKO/cTg mice on HFD would develop a much more pronounced obesity than WT/cTg mice on HFD. But in contrast to our expectations, AKO/cTg mice fed a HFD accumulated less fat than age-matched WT/cTg mice (Fig. 1B) . Mass of gWAT and iWAT were 30% and 25% lower in AKO/cTg than in WT/cTg animals. Unlike WAT depots, iBAT mass remained enlarged in AKO/cTg mice (3.6-fold). Adipocyte size in gWAT of AKO/cTg mice fed a chow diet was bigger than in WT/cTg but smaller when animals were fed a HFD (Fig. S1D) . Overall, on HFD, AKO/cTg mice had less total body fat (−22%) and lean mass (−9%, not significant) as well as lower total body weight (−15%) than WT/cTg (Fig. 1B) . Tibia length did not differ between genotypes, indicating that the lower body weight in AKO/cTg mice was not due to retarded growth (17.08 ± 0.47 mm for WT/cTg and 17.33 ± 0.56 mm for AKO/cTg). Consistent with reduced fat mass, plasma leptin levels were 53% lower in HFD-fed AKO/cTg mice than in HFD-fed WT/cTg (Table S1 ). Plasma adiponectin concentrations were in the normal range in both genotypes. Although fasting plasma insulin levels were significantly lower in AKO/cTg mice than in WT/cTg mice, they were similar in both groups upon refeeding, indicating that the glucose-stimulated insulin response in pancreatic islets was not impaired. Thus, quite counterintuitively, mice lacking ATGL in all tissues except the heart are resistant to HFD-induced obesity.
The resistance to gain body weight and WAT mass in AKO/cTg mice on HFD develops over a time course of several months ( Fig.  2 A and B) suggesting that it is a slow, adaptive process. Furthermore, weight gain resistance persisted at thermoneutral housing conditions at 30°C, suggesting that it was independent of thermoregulation at ambient temperature ( Fig. S2 A and B) .
Decreased Food Intake Is Partially Responsible for the ObesityResistant Phenotype. The mechanism(s) leading to resistance to HFD-induced obesity in AKO/cTg mice may involve decreased food intake or resorption, increased energy expenditure (EE), decreased adipogenesis, or reduced lipid synthesis in WAT. Notably, AKO/cTg mice consumed less food than WT/cTg mice. The small difference was significant from week 13 onwards when body weight and total body fat mass diverged between HFD-fed AKO/cTg and WT/cTg mice (Figs. 3A and 2 A and B). A similar 10% difference in cumulative food intake was also observed in mice kept at thermoneutrality (Fig. 3B) . To examine the contribution of this moderate hypophagia to the obesity-resistant phenotype, we restricted food access for a separate WT/cTg cohort by pair-feeding at thermoneutrality. Despite equal food intake ( Fig. S3A ), AKO/cTg mice still gained less body weight and fat mass than pair-fed WT/cTg littermates ( Fig. S3 B and C) although the obesity resistance phenotype was less pronounced than in ad libitum fed mice (Fig. S2 A  and B) . Collectively, these data suggest that decreased food intake partially contributes to HFD-induced obesity resistance in AKO/cTg mice but that other metabolic adaptations are additionally involved.
Lipogenesis and Lipid Synthesis Are Decreased in gWAT of AKO/cTg
Mice Fed a HFD. To delineate the metabolic adaptations in WAT that may underlie the obesity resistance of HFD-fed AKO/cTg mice, we analyzed lipid synthesis and storage pathways. mRNA levels of genes involved in FA transport [fatty acid binding protein 4 (FABP4); fatty acid translocase (CD36)], FA de novo synthesis [fatty acid synthase (FAS)], and TG synthesis [acyl-CoA synthetase 1 (ACSL1); acyl-CoA diglyceride acyltransferase-2 (DGAT2); phosphoenolpyruvate carboxykinase (PEPCK)] were collectively decreased between 50% and 98% in gWAT of HFD-fed AKO/cTg mice compared with WT/cTg mice (Fig. 4A) . Upon HFD feeding, DGAT2 mRNA levels increased by 2.4-fold over levels in WT/cTg mice on chow diet but they were extremely low A B Fig. 1 . AKO/cTg mice are protected from HFD-induced obesity. Mass of gWAT, iWAT, iBAT, total fat, lean tissue, and body mass from animals fed chow diet (n = 8-9; A) and HFD (n = 7; B). Values are means ± SD. Student's unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.
in AKO/cTg mice on either chow or HFD diet (Fig. 4B) . In agreement with varied mRNA levels, selected enzyme activities were also decreased more than 60% in HFD-fed AKO/cTg compared with HFD-fed WT/cTg mice including DGAT (Fig. 4C ) and heparin-releasable lipoprotein lipase activities (LPL; Fig. 4D ). Concomitantly, mRNA levels of the LPL inhibitor angiopoietin-like protein 4 (Angptl4) increased by 2.4-fold in WAT of AKO/cTg mice compared with HFD-fed WT/cTg mice (Fig. 4E) . Ex vivo fat pad assays showed a reduced incorporation of oleic acid (OA, −40%) and glucose (−46%) into TGs of gWAT derived from HFD-fed AKO/cTg compared with WT/cTg mice (Fig. 4F) . Collectively, these data provide compelling evidence that defective lipolysis provokes a suppression of lipid synthesis and fat storage in WAT of mice challenged by HFD feeding.
The decreased WAT mass in HFD-fed AKO/cTg mice compared to pair-fed WT/cTg mice suggested a redirection of calories and changes in energy balance. However, using indirect calorimetry and telemetry, no significant differences in locomotor activity, total EE, or core body temperature between HFDfed AKO/cTg and WT/cTg mice ( Fig. S4 A-C) were detected. Because body weight differed between genotypes, we performed an "analysis of co-variance (ANCOVA)" for total EE (18) and found no significant difference between genotypes (WT/cTg = 61.52 ± 0.92 J/min and AKO/cTg = 62.63 ± 1.13 J/min based on a body weight of 41.09 g). We assume that the small changes in daily EE that lead to the obesity resistant phenotype over the time course of many weeks are too small for the detection sensitivity of indirect calorimetry.
Reduced PPAR-γ2 Expression Limits Adipose Tissue Expansion in AKO/ cTg Mice Fed a HFD. The main transcriptional drivers for adipogenesis, de novo lipogenesis, and TG synthesis in adipose tissue are the transcription factors C/EBPs, PPAR-γ, and SREBP1c. We found that mRNA levels for C/EBPβ, a transcription factor expressed early during adipogenesis, and PPAR-γ1, which is expressed in many tissues, were not altered between genotypes (Fig. 5A) . In contrast, mRNA levels of transcription factors involved in late adipocyte differentiation/maturation and the expression of genes involved in lipogenesis and fat storage such as PPAR-γ2 (−95%), C/EBPα (−30%), and SREBP1c (−78%) were significantly lower in gWAT from HFD-fed AKO/cTg mice than from WT/cTg. Concordantly, PPAR-γ2 protein levels were 80% lower in AKO/cTg than in WT/ cTg mice (Fig. S5 A and B) . Defective lipolysis thus affects cell signaling by PPAR-γ2 and other transcription factors.
To directly test whether PPAR-γ2-activated gene expression can be regulated by ATGL-mediated lipolysis in vitro, we performed dual luciferase reporter assays in COS-7 cells where luciferase gene transcription is controlled by PPAR responsive promoter elements. Overexpression of PPAR-γ2 alone led to a 1.5-fold increase in luciferase activity (Fig. 5B) . The additional presence of either ATGL or its coactivator CGI-58 caused a 1.9-and 2.2-fold increase, respectively. Luciferase activitiy was highest upon coexpression of ATGL and CGI-58 (3.2-fold) . Together, these data suggest that impaired lipolysis restricts adipose tissue expansion upon HFD intervention by altering PPAR-γ2-regulated gene expression.
ATGL Deficiency Does Not Affect Adipocyte Differentiation. Next, we tested whether the loss of ATGL affects adipocyte differentiation in a cell-autonomous manner. We isolated the stroma vascular fraction (SVF) from WAT derived from chow-fed mice and subjected these cells to an established in vitro differentiation program in the absence of a synthetic PPAR-γ agonist (19) . SVF cells derived from WT/cTg or AKO/cTg mice differentiated normally, exhibited normal lipid droplet formation, and expressed similar mRNA levels of classical differentiation markers such as PPAR-γ2, C/EBPα, SREBP1c, or PPAR-γ target genes such as FABP4, FAS, ACSL1, DGAT2, and PEPCK between the genotypes (Fig. S5 C and D) . Thus, adipocyte differentiation per se is not impaired upon ATGL deficiency.
Pharmacological PPAR-γ Activation Reverses the Obesity-Resistant
Phenotype of AKO/cTg Mice Fed a HFD. To substantiate the role of reduced PPAR-γ2 activity in the obesity-resistant phenotype in AKO/cTg mice fed a HFD, we fed mice a HFD supplemented with the synthetic PPAR-γ agonist rosiglitazone (Rosi/HFD). If the loss of ATGL-mediated lipolysis impairs PPAR-γ-driven lipid synthesis, then agonist treatment should increase PPAR-γ activity independently of ATGL and result in increased body weight and fat mass in HFD-fed AKO/cTg mice. Upon 4 wk of Rosi/HFD intervention, the obesity-resistant phenotype was completely reversed. Compared with WT/cTg, AKO/cTg mice became hyperphagic and gained 16% more body weight (Fig. 6 A  and B) . Total fat mass increased in mice of both genotypes, albeit the increase was more pronounced in AKO/cTg than in WT/cTg mice (Fig. 6C ). In line with increased body weight and fat mass, expression of PPAR-γ2 and selected target genes was restored to WT/cTg levels ( Fig. S6 A and B) . Thus, pharmacological PPAR-γ activation abrogates the obesity-resistant phenotype in HFD-fed AKO/cTg mice, consistent with the concept that ATGL is crucial for PPAR-γ2-mediated lipogenesis and TG synthesis.
AKO/cTg Mice Are Resistant to HFD-Induced IR. To assess whether altered insulin sensitivity affects lipid synthesis and storage in WAT of AKO/cTg mice, we performed glucose and insulin tolerance tests (GTT and ITT, respectively) as well as hyperinsulinemic/ euglycemic clamp studies. GTTs revealed that blood glucose was cleared much more rapidly in HFD-fed AKO/cTg mice than in WT/cTg littermates (Fig. S7A) . During ITT, blood glucose only marginally declined in HFD-fed WT/cTg mice, consistent with impaired insulin action (Fig. S7B) . In contrast, blood glucose concentrations in AKO/cTg mice drastically decreased in response to insulin and remained extremely low during the entire experiment. Thirty minutes after insulin administration, blood glucose levels were lowered nearly twofold more efficiently in AKO/cTg mice than in WT/cTg. A B Fig. 2 . Resistance to HFD-induced obesity is a slow adaptive process. Timecourse of body weight (A) and total fat mass gain (B) during HFD intervention at 23°C (n = 5-8). Values are means ± SD. Student's unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001. Fig. 3 . Decreased food intake is partially responsible for the obesity resistant phenotype. Cumulative food intake of animals housed at 23°C during 22 wk of HFD intervention (A) and thermoneutrality (30°C) during 12 wk of HFD intervention (B). n = 5-8. Values are means ± SD. Student's unpaired t test. *P < 0.05.
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Hyperinsulinemic-euglycemic clamp experiments with HFD-fed AKO/cTg and WT/cTg mice confirmed the results of GTT and ITT. Because fasting blood glucose levels were 27% lower in AKO/cTg mice than in WT/cTg, individual glucose concentrations were defined as euglycemia for each genotype and blood glucose concentrations during steady-state hyperinsulinemia (hyperins) were clamped according to these basal levels for each genotype (Fig. 7A) . Notably, the glucose infusion rate (GIR) required to maintain euglycemia was 11-fold higher in AKO/cTg than in WT/ cTg mice (Fig. 7B) , supporting the conclusion that, unlike WT/cTg mice, HFD-fed AKO/cTg mice remained highly insulin sensitive. This high insulin sensitivity in AKO/cTg mice during hyperinsulinemia was maintained despite lower plasma insulin concentrations (Fig. 7C) . Remarkably, high insulin sensitivity of HFD-fed AKO/cTg mice was not associated with decreased concentrations of DGs or ceramides in muscle or liver (Fig. S7 C and D) . Instead, total DG concentration was even slightly higher in AKO/cTg than in WT/cTg mice because of a small increase of 36:1 and 36:2 DG species in muscle and 34:1, 36:2, and 36:3 DG species in liver. To investigate which tissues contribute to enhanced insulin sensitivity, we determined the uptake of radioactively labeled 2-deoxy-glucose-phosphate (2-DGP). Tissue concentrations of 2-DGP were higher in skeletal muscle (SM) and heart of AKO/cTg animals than in WT/cTg (Fig. 7D) . Concomitantly, hepatic glucose production (HGP) was completely shut off by hyperinsulinemia in AKO/cTg mice (Fig. 7E) , arguing for high insulin sensitivity in muscle and liver of AKO/cTg mice. AKO/cTg mice on HFD also maintained high insulin sensitivity in WAT as evident from decreased basal plasma FA concentrations (−47%; Fig. 7F ) that decreased further by 30% upon hyperinsulinemia. In contrast, plasma FA concentrations did not change in HFD-fed WT/cTg mice during hyperinsulinemia, proving an insulin-resistant state in these mice. Together, these data show that in contrast to WT/cTg mice, AKO/ cTg mice remain insulin sensitive when kept on a HFD and exclude defective insulin signaling as cause for decreased adiposity in HFDfed AKO/cTg mice.
Discussion
Humans and mice lacking ATGL for the initiation of TG catabolism in adipose and nonadipose tissues are not, or only moderately, obese. These observations are quite unexpected considering the pivotal role of ATGL in WAT lipolysis. Even more surprisingly, we show that mice lacking ATGL are protected against HFDinduced obesity and remain highly insulin sensitive. As an underlying mechanism, we found that impaired ATGL-mediated TG hydrolysis in vivo causes hypophagia and reduced de novo lipogenesis and lipid synthesis in WAT protecting mice (and possibly humans) from excessive lipid accumulation in adipose tissue. Reduced lipid synthesis and storage arise from decreased PPAR-γ2 and SREBP1c target gene expression. The finding that ATGL-mediated lipolysis regulates food intake, transcription of lipogenic genes, and adipose tissue expansion adds an important aspect to adipose tissue lipid homeostasis, demonstrating that catabolic and anabolic lipid pathways are interdependent.
The mechanisms underlying decreased food intake in response to ATGL deficiency remain unknown. It is intriguing to note, however, that hypophagia can be turned into hyperphagia upon treatment of AKO/cTg mice with the synthetic PPAR-γ agonist rosiglitazone, suggesting a function of PPAR-γ in appetite regulation. In support of this concept, several recent studies underscored the importance of PPAR-γ in the brain for the regulation of food intake (20, 21) . Because AKO/cTg mice lack ATGL in the brain, it is conceivable that central ATGL deficiency impairs PPAR-γ signaling in the brain, leading to reduced food intake. This concept awaits future study.
Although leptin represents an important orexigenic signal that is transmitted from the periphery to the hypothalamus (22), we found no evidence that it is involved in the hypophagic phenotype of AKO/cTg mice. Normally during HFD-induced obesity, mice develop hyperleptinemia, indicating a state of leptin resistance (23) . In contrast, AKO/cTg mice had reduced plasma leptin concentrations, which do not provide an immediate explanation for the reduced food intake in HFD-fed AKO/cTg mice. Whether a conceivable leptin hypersensitivity contributes to the reduced food intake in AKO/cTg mice needs to be addressed in the future.
Pair-feeding studies revealed that hypophagia does not solely account for the resistance to HFD-induced obesity in ATGL-deficient mice. Low fat mass additionally resulted from decreased lipogenesis and lipid synthesis in WAT. This down-regulation of lipid synthetic pathways was most likely mediated by the reduced expression of key transcription factors (PPAR-γ, C/EBPα, and SREBP1c) and their target genes. Analyses of specific PPAR-γ isoforms revealed a drastic decrease of the adipose-specific and nutritionally regulated PPAR-γ2 isoform in gWAT of AKO/cTg mice (24) (25) (26) . Decreased PPAR-γ2 activity in HFD-fed AKO/cTg mice also provides an explanation for the observed down-regulation C/EBPα mRNA levels. It is well established that these transcription factors positively regulate each other (27) (28) (29) (30) . Accordingly, decreased PPAR-γ2 signaling in response to ATGL deficiency may impair C/EBPα and, consequently, PPAR-γ2 transcription leading to the observed low transcript and protein levels of both transcription factors. Decreased SREBP1c expression may additionally contribute to reduced PPAR-γ transcription (31) .
Although ATGL deficiency obviously impairs lipogenesis and lipid synthesis in HFD-fed AKO/cTg mice, the process is slow and does not lead to a complete loss of lipid anabolism. This assumption is based on our findings that (i) decreased PPAR-γ/C/ EBPα/SREBP1c target gene expression and adipose mass in A B C-glucose into TGs in ex vivo fat pad analyses (n = 5). Mice were refed before tissue harvest. Values are means ± SD. Student's unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.
AKO/cTg mice was only observed in HFD-fed mice, (ii) ATGLdeficiency does not cause defective adipogenesis or adipocyte differentiation, and (iii) the development of resistance to HFD-induced obesity takes several weeks to become apparent. Therefore, we propose that ATGL deficiency in WAT initiates an adaptive, modulatory response that moderately curtails lipid synthesis, eventually leading to the observed resistance to HFD-induced obesity. This interpretation is also consistent with the recent finding that the activation of lipolysis by chronic β 3 -adrenergic stimulation promotes lipogenesis in an ATGL-dependent fashion (10) .
The exact mechanism(s) whereby ATGL-mediated lipolysis affects PPAR-γ2 expression is still unknown, but several scenarios are conceivable. For example, it is possible that lipolysis generates a lipid product that directly (e.g., via FAs) or indirectly (by the conversion of lipolytic products into signaling lipids such as phospholipids, retinoids, or eicosanoids) interacts with the PPAR-γ/RXR heterodimer to activate target gene transcription. Our result that ATGL/CGI-58 expression induces PPAR-γ2 activity in transcriptional transactivation experiments is consistent with this concept. Other, more indirect mechanisms to regulate PPAR-γ/RXR activity in response to lipolysis may involve the dissociation and nuclear translocation of lipid droplet-associated transcriptional coregulators or changes in epigenetic modifications of transcription factors/coactivators (32) .
PPAR-γ is not the only PPAR isoform that is linked to ATGL activity. ATGL-mediated lipolysis is also required for functional PPAR-α and PPAR-δ signaling in oxidative tissues and the pancreatic β-cell, respectively (16, (33) (34) (35) . For example, absence of ATGL in cardiac muscle leads to reduced PPARα-mediated mitochondrial biogenesis, substrate oxidation, and respiration, resulting in the lethal cardiomyopathy (16) .
Other lipolytic enzymes also affect PPAR-γ signaling and lipid accumulation in adipose tissue. More than a decade ago, several groups demonstrated that mice systemically lacking HSL (HKO) also exhibit reduced lipogenesis and TG synthesis (6, 9) and are resistant to HFD-induced obesity (8, 9, 36, 37) . This defect in lipoanabolic processes in HKO mice was associated with a marked down-regulation of PPARγ-dependent gene expression, leading to an almost complete loss of WAT in older HKO mice (6) . Similarly as in AKO/cTg mice, the obesity-resistant phenotype could be partially prevented by PPAR-γ agonist treatment (8) . Recently, the first report on human individuals suffering from HSL deficiency confirmed the mouse findings and showed that the lack of HSL leads to decreased PPAR-γ target gene expression and partial lipodystrophy in affected patients (38) . Collectively, these data suggest that lipolysis is required for functional PPAR-γ signaling, normal lipogenesis, and TG synthesis. Conversely, mice with dysfunctional PPAR-γ2 exhibit an impaired lipolytic response (7, 39) , supporting the concept of a mutual dependence of lipid catabolism and lipid synthesis in WAT.
An important aspect of energy balance in AKO/cTg mice remains unclear. Because HFD-fed AKO/cTg mice accrued less WAT and body weight than pair-fed WT/cTg mice, they presumably consumed more energy. However, locomotor activity, core body temperature, and whole-body EE were identical in mice of both genotypes. Currently, we have no explanation for this apparent discrepency. Possibly, subtle changes in the daily EE as expected for an obesityresistant phenotype developing over several months may be too small for the detection limits of indirect calorimetry (40, 41) .
Insulin is the main anabolic hormone to drive lipogenesis and lipid synthesis. Therefore, we assessed whether IR in WAT leads to decreased lipid synthesis and storage in HFD-fed AKO/cTg mice. GTT, ITT, and hyperinsulinemic/euglycemic clamp experiments, however, clearly showed that AKO/cTg mice were much more glucose tolerant and insulin sensitive than insulinresistant HFD-fed WT/cTg mice or mice lacking HSL (42) or MGL (43) . Abolished HGP, increased muscle glucose uptake, and a pronounced antilipolytic WAT response to insulin confirmed that all classical insulin target tissues remained insulin sensitive in HFD-fed AKO/cTg mice and disproved the concept that IR prevented efficient lipid storage in this model. In accordance with the concept that hepatic acetyl-CoA concentrations regulate insulin sensitivity in the liver (44) , it is conceivable that defective lipolysis and reduced FA flux from WAT to the liver in AKO/cTg mice leads to decreased hepatic FA oxidation, reduced acetyl-CoA concentrations, and low HGP.
The main finding of this study implicates that inhibition of ATGLmediated lipolysis in WAT prevents HFD-induced obesity and IR.
Materials and Methods
Standard methods are described in SI Materials and Methods and Table S2 .
Ethics Statement. Animal procedures were approved by the Austrian Federal Ministry for Science and Research, the ethics committee of the University of Graz, the U.K. Home Office, or the Wake Forest University School of Medicine.
Animals. Mutant mice were generated as described (13, 16, 17) . All studies were conducted in male mice on C56BL/6J background. Mice were bred and maintained at regular housing temperatures (23°C) and 12-h light/12-h dark cycle starting at 7:00 a.m. Animals had ad libitum access to water and chow diet (4.5% fat, 34% starch, 5.0% sugar, and 22.0% protein; Ssniff Spezialdiäten) or Values are means ± SD. Student's unpaired t test except for pairwise comparisons of data between basal and hyperins states (n ≥ 6). *P < 0.05, **P < 0.01, ***P < 0.001.
A B C Fig. 6 . Pharmacological PPAR-γ activation reverses the obesity-resistant phenotype in AKO/cTg mice fed a HFD. Cumulative food intake (A), body weight (B), and gain of total body fat mass (C) of mice fed a Rosi/HFD (n = 8). Values are means ± SD. Student's unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.
HFD (34% fat, 1.1% starch, 23.8% sugar, and 24.1% protein; Ssniff EF R/M D12492 mod.). Mice fed a chow diet were analyzed at the age of 8-10 wk to allow a comparison with age-matched AKO mice. HFD intervention studies were started at the age of 4-6 wk and continued for 8 wk (AKO) or maximum 22 wk (AKO/cTg). Studies at thermoneutrality were performed at 30°C. For pharmacological PPAR-γ activation, mice were fed a HFD supplemented with 200 mg/kg rosiglitazone (Rosi/HFD; Cayman Chemical) for 4 wk. For pair-feeding experiments, single-housed mice were daily fed according to control group. For physiological fasting experiments, mice were fasted from 7:00 to 11:00 a.m. For refed status, mice were fasted overnight from 8:00 p.m. until 7:00 a.m. the following day and then refed for 2 h.
Statistical Analyses. Data are shown as means ± SD. Statistical significance between two groups was determined by Student's two-tailed t test (unpaired or paired as indicated) and between more than two groups using two-way ANOVA and LSD (least significant difference) post hoc analyses.
ANCOVA was applied for total EE by using body weight as covariance. For all analyses, group differences were considered statistically different for P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***); and P < 0.05 compared with WT/cTg fed a HFD ( §) and P < 0.05 for comparison between WT/cTg and AKO/cTg fed a Rosi/HFD (#). 
